We crossed a doubled haploid line of the turnip Brassica rapa cv. 'Iyo-hikabu', which is pigmented with anthocyanin, with a Chinese cabbage inbred line, 'Y54', which lacks anthocyanin pigmentation. The presence and absence of anthocyanin pigmentation was segregated 79 : 27 in the F 2 population, suggesting monogenic control. A bulked segregant analysis was conducted with random amplified polymorphic DNA (RAPD) markers. A total of 480 primers were used to screen a pair of bulked DNA samples of the F 2 plants. We found five RAPD markers closely linked to the pigmentation locus. A partial linkage map around the pigmentation locus was constructed with four RAPD markers, two simple sequence repeat (SSR) markers, and one cleaved amplified polymorphic sequence (CAPS) marker. A 0.84-kb fragment amplified by a random primer, OPU10, was cloned, sequenced, and then converted into a CAPS marker (OPU10C). This CAPS marker was mapped at a distance of 4 cM from the pigmentation locus in the partial linkage map and was also mapped in linkage group R07 of the previously reported reference map of B. rapa. This locus is independent of the previously reported anthocyanin-regulating anl locus mapped in R09. We named the locus Anp. The locus will be useful in plant breeding and genome characterization in B. rapa.
Introduction
Anthocyanins are plant pigments responsible for the color of petals, stems, and leaves of a variety of plant species. Anthocyanin pigmentation of vegetables and fruit trees widens the color choice in food and is one of the breeding targets in crops such as turnip, grape, and ornamental plants. In addition, the pigmentation affects the tolerance of plants for abiotic stresses. Anthocyanins contribute to protection from UVB light (Klaper et al. 1996) , photoinhibition (Dodd et al. 1998) , and modification of light capture (Barker et al. 1996) . Additionally, anthocyanins may participate in the accumulation of metals such as tungsten and molybdenum (Hale et al. 2001 (Hale et al. , 2002 .
Studies on both the biosynthesis of anthocyanins and the mechanism of gene expression of anthocyanin pigmentation have been carried out in many kinds of plants (Holton et al. 1995) . Advances in molecular biology have enabled us to understand details of the mechanisms of anthocyanin pigmentation in plants. It is well known that transcription factors play a key role in regulating anthocyanin pigmentation in diverse plants. For example, petunia AN1 and AN2 encode transcription factors that regulate the production of anthocyanin (Mol et al. 1996) and Pp1, Pp2, and Pp3 contribute to purple pigment in wheat (Dobrovolskaya et al. 2006) . Additionally, a retrotransposon insertion in a Myb-related gene was found as a causal event of anthocyanin color mutation of grape berries (Kobayashi et al. 2004) .
In Brassica rapa, all of Chinese cabbage, Pak-choi, and Mizuna lack anthocyanin. This is because these crops are sometimes consumed as cooked vegetables. Anthocyanin turns a dull brown color after cooking and this is not attractive in cooked vegetables. In contrast, some local turnips in Japan have a red color. When these turnips are used for naturally fermented pickles, the anthocyanin turns into a fresh red color when it reacts with the acidic pH caused by lactic acid. This color is preferred by consumers. For these reasons, regulation of anthocyanin pigmentation might be an important research target in B. rapa. However, no molecular analysis has been conducted in B. rapa except for the recent report by Burdzinski and Wendell (2007) of the anl (anthocyaninless) locus of rapid-cycling B. rapa in the linkage group R09. To bridge this gap in knowledge, in the present study we aimed to find a novel locus that regulates anthocyanin pigmentation in B. rapa.
Materials and Methods

Plant materials and observation of pigmentation
The Chinese cabbage inbred line 'Y54' (Nippon Norin Seed Co., Tokyo, Japan), which was self-pollinated several times, was used as the unpigmented parent. The pigmented parent was a doubled-haploid line, 'P02', that was obtained by microspore culture of a local turnip, 'Iyo-hikabu'. The latter has a deep, red-skinned turnip and petioles pigmented with anthocyanins (Toriu and Watanabe 1988 ). An F 2 population derived from a cross between 'Y54' and 'P02' was used for mapping and scoring the pigmentation in the present study (YP population).
The plants were cultivated two times in an open field of the University Farm, Faculty of Agriculture, Kyoto Prefectural University (Seika, Kyoto, Japan). The seeds of the F 2 plants were sown at the end of August 2005 and were then transplanted into the field on September 20 in the first cultivation. Anthocyanin pigmentation of the F 2 plants was examined on September 27. The pigmentation level of each F 2 plant was scored visually into five classes: 0 (no pigmentation) to 4 (deeply pigmented). We then grouped the plants into two groups: red (pigmented: pigmentation score of 1 to 4) or white (unpigmented: pigmentation score of 0) for bulked segregant analysis (BSA) according to Michelmore et al. (1991) . The F 2 plants of the first cultivation were also used for mapping. The seeds of the F 2 population derived from the same parentage were sown on 30 August 2007 for the second cultivation. The seedlings were transplanted on September 26, and the color was scored into two groups (red or white) on October 5 as above.
DNA extraction and PCR condition
Total DNA was extracted from fresh leaves using the method of Murray and Thompson (1980) . The polymerase chain reaction (PCR) mixture contained 20 ng of template DNA, 10 pmol of a random primer (Operon Technologies, Alameda, CA, USA), 0.25 mM of each dNTP, 1× reaction buffer for r-Taq DNA polymerase supplied by Takara Bio Inc. (Otsu, Shiga, Japan), and 0.5 units of r-Taq DNA polymerase in a 10-μL reaction volume. In a thermal cycler GeneAmp PCR system 9700 (Applied Biosystems Co. Ltd., Foster City, CA, USA), the mixture was initially denatured at 94°C for 30 s and was then subjected to 45 cycles of denaturation at 94°C for 30 s, annealing at 40°C for 1 min, and primer extension at 72°C for 90 s, with a final extension at 72°C for 5 min. The amplified products were analyzed by electrophoresis on a 2% agarose gel, stained with ethidium bromide, and photographed.
Bulked segregant analysis
For the first BSA, eight pigmented and eight unpigmented plants were randomly selected from the F 2 population and were pooled and then subjected to random amplified polymorphic DNA (RAPD) analysis (Williams et al. 1990 ).
The second BSA was conducted on the basis of the genotype of the newly developed cleaved amplified polymorphic sequence (CAPS) marker OPU10C. Two bulked samples of eight homozygotes of the two alleles of OPU10C were selected from the F 2 population and used for the RAPD analysis.
Cloning and sequencing of DNA fragments RAPD fragments were purified from agarose gels with the QIAquick gel extraction kit (QIAGEN, Hilden, Germany) and cloned into a pCR2.1-TOPO vector (Invitrogen, Carlsbad, CA, USA). The resultant plasmid was used to transform E. coli TOP10 (Invitrogen). Sequences of the inserts were obtained using an automated sequencer, the CEQ2000XL DNA genetic analyzer (Beckman Coulter, Inc. Fullerton, CA, USA). The nucleotide sequence has been deposited in the DDBJ database under accession no. AB492854.
Mapping of OPU10C
We used two mapping populations, YP population and the F 2 population derived from 'A9709' and 'G004' (Suwabe et al. 2006 ) (AG population) in this study.
The marker data were scored according to the definitions provided by JoinMap 3.0 (Van Ooijen and Voorrips 2001). The Kosambi mapping function (Kosambi 1944) was used for linkage analysis. Linkage groups were determined with an LOD score of 3.0.
Results
Segregation of pigmentation in the F 2 population
In the first cultivation of YP population (n = 106), anthocyanin pigmentation was examined 28 days after sowing. All F 1 plants were pigmented, but in the F 2 population, pigmentation was segregated 79 : 27 (with pigmentation : without pigmentation). The segregation ratio was fitted to 3 : 1 (χ 2 = 0.0126, P = 0.911), indicating a single dominant gene for anthocyanin pigmentation. In the second culativation (n = 126), the pigmentation was examined 37 days after sowing, and was segregated 92 : 34, which was also fitted to 3 : 1 (χ 2 = 0.265, P = 0.607).
BSA and CAPS analysis
A total of 480 random primers were used to screen the two bulked DNA samples of the F 2 plants. Three RAPD markers were found to be linked to the pigmentation locus in the first BSA. They were OPAC02Rpd (0.8 kb), OPU10Rpd (0.84 kb), and OPAB14Rpd (0.5 kb), which were amplified with the random primers OPAC02, OPU10, and OPAB14, respectively. One of the markers, OPU10Rpd, was cloned and sequenced (accession no. AB492854). A pair of primers, OPU10C-F and OPU10C-R, was then designed on the basis of this sequence. However, the primer pairs amplified fragments of the same size from both parents. Digestion of the fragments with HhaI revealed co-dominant fragments: 0.1 kb, 0.27 kb, and 0.47 kb for the 'Y54' allele, and 0.04 kb, 0.33 kb, and 0.47 kb for the 'P02' allele. This CAPS marker was named OPU10C.
With reference to the genotype of this marker, we then conducted the second BSA to obtain RAPDs linked in repulsion to the pigmentation allele. We found two additional RAPD markers, OPAD12Rpd (0.5 kb) and OPS10Rpd (1.3 kb), that were amplified with OPAD12 and OPS10, respectively. The primers used for the linkage analysis are listed in Table 1 .
Relationship between OPU10C genotype and pigmentation intensity
As shown in Table 2 , the pigmentation score of plants homozygous for the Iyo-hikabu allele at the OPU10C locus differed significantly from that of heterozygotes (P < 0.05, Steel-Dwass test).
Mapping of OPU10C in two mapping populations
To determine the mapping position of the anthocyanin locus in the reference map of B. rapa, we then used AG population (Suwabe et al. 2006) . We first examined the pair of primers, OPU10C-F and OPU10C-R. However, they amplified fragments of the same size in the parents. Sequence analysis of these fragments revealed polymorphism in the number of MnlI sites. To simplify the electrophoretic pattern, we designed a new primer pair, AG1-F and AG1-R (Table 1) . They were both located inside the OPU10C sequence and the length of the resultant PCR fragments was 338 bp. Digestion of the resultant fragments with MnlI revealed clear co-dominant fragments as described in Table 1 . Since the fragments of the two populations showed high homology, we used the same name, OPU10C, for both populations. OPU10C was mapped at 12 cM in linkage group R07 of the reference map between markers BRMS-036 and CA10 (Fig. 1) . Another simple sequence repeat (SSR) marker, BRMS-151, was also mapped near the pigmentation locus.
We then constructed a partial linkage map using the YP population with the four RAPD markers and one CAPS marker. Some of the markers in the R07 linkage group of the reference map were also examined. As a result, two SSR markers were added to this partial map (Fig. 2) . The total length of the partial linkage map was 30 cM. A locus regulating anthocyanin pigmentation was located at 15 cM on this map and was named Anp for anthocyanin pigmentation. The closest marker, BRMS-036, was mapped at a distance of 2.0 cM away (Fig. 2) .
Discussion
We have reported a novel locus regulating anthocyanin pigmentation and have developed several markers linked to the locus. Since one locus for anthocyanin pigmentation was already reported in the R09 linkage group (Burdzinski and Wendell 2007) , we carefully confirmed the novelty of the present locus using two mapping populations. One population was developed in the present study (YP population). A partial linkage map based on the present population contained two SSR markers (BRMS-036 and BRMS-151) that were previously mapped in R07 of the reference map (Suwabe et al. 2006) (Fig. 2) . The other mapping population was one used in the previous study (Suwabe et al. 2006 ) (AG population). Because the parents of the latter population were both unpigmented, we could not map the Anp locus itself, but instead mapped a marker, OPU10C, at 12 cM, between BRMS-036 and CA10 in the R07 linkage group (Fig. 1) . The total length of the R07 linkage group was shorter than that reported previously (Suwabe et al. 2006) , because we used different mapping software (JoinMap 3.0) in the present study (e.g., Bradeen et al. 2001) . However, the orientation of the seven markers is the same as reported previously. The present study clearly confirmed that the locus is a novel one and is independent of the anl locus in the R09 linkage group of rapid-cycling B. rapa reported by Burdzinski and Wendell (2007) .
In the present study, the pigmentation score of homozygotes of the Iyo-hikabu allele was significantly larger than that of heterozygotes (Table 2 ). This result suggests that the Anp locus is partially dominant. However, pigmentation scores within the same genotype varied greatly (data not shown). Therefore, color intensity may be controlled by other loci in addition to the Anp locus.
In the case of other turnip varieties, Aoba (1966 Aoba ( , 1968 tried to determine the precise number of loci for pigmentation of the petiole, lower root, and hypocotyls by observing F 2 segregation of pigmentation in several combinations of pigmented or unpigmented turnips. Since he did not use marker techniques, the number of loci could not be determined except for pigmentation of the hypocotyl. The author assumed three genes (C, P and R) for hypocotyl pigmentation of B. rapa (Aoba 1968) . In rapid-cycling Brassica having the ANL allele, the intensity of anthocyanin coloration is a quantitative trait when scored into 10 grades, suggesting control by multiple alleles (Goldman 1999) . QTL analysis of Fig. 1 . A partial linkage map of Brassica rapa around OPU10C in linkage group R07 based on the F 2 population derived from a crossing of 'A9709' and 'G004' (Suwabe et al. 2006 ) (AG population). Map distances (cM) are given on the left side of the linkage group, and the locus names are given on the right. Marker types are given by the first two to four letters of the locus name: BRMS for SSR; AZ and BN for RFLP; CA for RAPD; and OPU for CAPS. Fig. 2 . A partial linkage map around the pigmentation locus Anp in Brassica rapa based on the present F 2 population (YP population). RAPD markers are followed by the suffix Rpd and the CAPS marker by the suffix C. Two SSR markers (BRMS-036 and BRMS-151) are also mapped.
the anthocyanin pigmentation level may be helpful for understanding the mechanism of anthocyanin pigmentation and may give useful information for marker-assisted selection of colored vegetables in B. rapa.
